Introduction
Only about 10% of the atmosphere's carbon dioxide CO 2 is cycled through the Earth system every year. On a scale much longer than the human timescale, carbon is transferred between rocks and the Earth-atmosphere system. This transfer is termed the geochemical carbon cycle and operates on a multimillion year timescale [Holland, 1978; Berner and Lasaga, 1989] . To estimate the atmospheric CO 2 content at any particular time in the Phanerozoic, geochemists model the elements that can alter the Earth's respiration rate [Walker et al., 1981; Berner et al., 1983; Garrels and Lerman, 1984; Budyko et al., 1987; Berner, 1994] . Outgassing of CO 2 to the atmosphere is estimated from rates of seafloor spreading and shallow water versus deep-sea carbonate deposition [Heller and Angevine, 1985; Gaffin, 1987] . The removal of atmospheric CO 2 by weathering can include the effects of paleogeography [Barron et al., 1980; Bluth and Kemp, 1991] , topography [Raymo, 1991; Raymo and Ruddiman, 1992] , river runoff [Tardy et al., 1989] , and plant evolution [Cawley et al., 1969; Volk, 1989] .
One unknown that geochemists include in their models is the effect of temperature on runoff. Global warming experiments with global climate models (GCMs) have shown that a globally warmer world is a globally wetter world [Mitchell, 1989] . From these results, geochemical models have often assumed that the rate of chemical weathering will increase as global temperatures rise [Berner, 1991] . This increase is based on the temperature dependence of the uptake of dissolved ions and on an assumed increase in runoff as temperature increases. The latter is based on results from GCM model simulations [Gates, 1976; Manabe and Stouffer, 1980; Manabe and Bryan, 1985] .
Past studies with snapshot simulations for other periods in Earth history point to a hydrologic cycle that is highly sensitive to land-sea distribution. Barron and collaborators [Barron et al., 1989] , using a version of the National Center for Atmospheric Research (NCAR) Community Climate Model (CCM), compute a 4% increase in global precipitation for a 1% increase in global surface temperature. In terms of continental runoff, the correlation is less straightforward. For idealized geography, where present-day land area is confined to either tropical (equatorial continent) or polar (polar continent) latitudes, the equatorial continent case has a 4.6 o C higher global surface temperature than the polar continent case, yet appreciably less runoff [Hay et al., 1990] . In addition, experiments for a Cretaceous land-ocean configuration find decreased runoff as surface temperatures warm with increased loading of the atmosphere with CO 2 [Barron et al., 1989] . It is apparent that continental runoff for periods in the Earth's past was probably highly sensitive to the land-ocean configurations. In this study, a low-resolution model of the global climate is forced with the land-ocean configurations for 14 time slices from 514 Ma to present. Particular attention is paid to the components of the hydrologic cycle including precipitation, evaporation, and runoff. The correlation between global runoff and surface temperature and the effect of increased atmospheric CO 2 on this correlation are also examined.
Model
A global climate model that includes an atmospheric component as well as simplified components for the ocean and land surface is used for this study. The atmospheric component incorporates atmospheric dynamics based on the equations of motion, together with prognostic equations for temperature and moisture Gallimore et al., 1986] . The equations are formulated in spectral terms, and the model retains longitudinal wave numbers 1 through 10 and an 11.6 o by 11.25 o latitude-longitude grid for spectral-grid transforms. The model includes the seasonal cycle of solar radiation and the orographic effects of mountains as well as radiative and convective processes, condensation, and evaporation.
The ocean is represented as a 50-m-deep layer that is homogeneously mixed [Washington and Meehl, 1984; Gallimore and Houghton, 1987] . Ocean surface temperature and heat storage are determined solely from atmosphere-ocean energy exchange. The roles of salinity, ocean currents, upwelling, and energy exchange with deeper layers are omitted. The thermodynamic sea ice model [Semtner, 1976] allows sea ice to accumulate when ocean surface temperatures fall below -2 o C.
The land surface component consists of a surface heat budget for determining land surface temperatures as well as predictive equations for snow cover and surface hydrology. The surface hydrology scheme uses model-derived precipitation and evaporation rates to simulate changes in soil moisture and runoff using a "bucket" approach [Manabe, 1969; Manabe and Holloway, 1975; Gallimore and Kutzbach, 1989] . A minimum soil moisture (1.6 cm) is specified to account for an assumed availability of some soil moisture via lateral flow in rivers and subsurface aquifers. Runoff occurs when soil moisture exceeds the assumed field capacity of 15 cm.
There is fairly good agreement between the simulated and observed modern climate [Gallimore et al., 1986; OttoBliesner and Houghton, 1986; Houghton et al., 1991] . In particular, the model simulation of the components of the surface hydrologic cycle for present-day geography and topography (Table 1) is in good agreement with the observed estimates of Baumgartner and Reichel [1975] . The model computes a present-day, global-average precipitation rate of 933 mm yr . In addition, the proportions of precipitation and evaporation occurring over land and oceans and contrast between land and ocean are well simulated. Similar to observed, the model predicts a net excess of precipitation compared to evaporation over the world's present-day land areas (280 mm yr -1 ) and a net deficit over the present-day oceans (-91 mm yr -1 ), implying a net moisture transport from oceans to land. The model-simulated runoff for modern geography of 247 mm yr -1 compares to Baumgartner and Reichel's observed estimate of 240 mm yr -1 . The utility of low-resolution climate models for understanding first-order responses to changes in forcing, in particular, land-ocean configuration and solar radiation, has been clearly established. For present-day continental configuration, OttoBliesner and Houghton [1986] northern hemisphere, the seasonal variations in the heating of land surfaces by incoming solar radiation are most important for determining the fundamental annual harmonic variations of temperature, pressure, and precipitation. At tropical latitudes, seasonal variation of sea surface temperature takes a critical role, presumably due to the contributions of convective and boundary layer processes.
Similarly, low-resolution model experiments [Kutzbach and Otto-Bliesner, 1982] examining the interaction of the amplified seasonal cycle of solar radiation 9000 years B.P. (before present) with the large continental land masses of Asia-Africa simulated climatic patterns consistent with paleoclimatic evidence [Street-Perrott and Harrison, 1985] and subsequent simulations with higher-resolution models [Kutzbach and Guetter, 1986] . Increased solar radiation in the northern hemisphere during June-July-August 9000 years B.P. causes higher surface temperatures across Eurasia, intensifying the African-Asian monsoonal circulation and enhancing precipitation.
Low-resolution models have been used to investigate the climate response to a much different land-ocean configuration, that of the Triassic (~250-200 Ma), when paleogeographers suggest that the continents had moved to form a large, bipolar land mass joined near the equator in the west and separated by a tropical-subtropical ocean in the east. For an idealized representation of the Triassic paleogeography, the low-resolution model suggests a climate dominated by large-scale megamonsoonal summer and winter circulations which are forced by interaction of the geography with the northern and southern hemisphere seasonal cycles of solar radiation .
Experiment Design
The land-ocean distributions for the model experiments are derived from the paleogeographic reconstructions of C.R. Scotese and J. Golonka (Wall chart of Phanerozoic paleogeographic reconstructions, submitted to the American Association of Petroleum Geologists, 1994; hereinafter referred to as submitted manuscript, 1994). These reconstructions are based on a synthesis of paleomagnetic data, hot spot tracks, and biogeographic and paleoclimatic constraints. Because exact dating of the maps and locations of the specific terranes are still open to question, the simulations should be viewed as indicating the sensitivity of the atmospheric response to land-ocean distribution vastly different than present rather than the climate for a specific time in the past.
The early Phanerozoic reconstructions have less than 1% of the Earth covered by mountains compared to about 8% at present. This decrease in mountainous areas back through time is probably an artifact of differential destruction of the geologic record. Because of this questionable trend in the reconstructions, mountains are omitted in the sensitivity simulations for all times including the present, and land areas are assigned elevations of 0 m. The surface albedo over all snow-free land areas is assigned a value of 0.15 so as not to impose any judgment about moist or arid conditions. No glacial ice sheets are included, but snow and sea ice are allowed to develop during the integrations.
Models of the Sun's evolution suggest a 25-40% increase in solar luminosity since the formation of the sun and an approximately 6% increase since the start of the Phanerozoic [Newman and Rood, 1977; Endal and Sofia, 1981] . Milankovitch cycles of the Earth's orbital dynamics should also have affected the solar input during the Phanerozoic [Berger, 1978; Berger et al., 1989 ], but our knowledge of the periods and magnitude of this forcing before the Pleistocene is still incomplete. In addition, calculations from geochemical models estimate atmospheric CO 2 levels as high as 17 times present concentrations for the Phanerozoic [Berner, 1994] .
To isolate the influence of the evolving land-ocean configurations, simplified assumptions on the solar luminosity, the Earth's orbital configuration, and atmospheric composition are used for the paleogeography sensitivity experiments. In particular, present-day values for the solar constant and atmospheric CO 2 concentration are adopted. Also, a circular orbit (eccentricity set to zero) with present-day tilt (23.4 o ) is assumed. Details of the simulations in this study are given in Table 2 .
Mean Climate
The distribution of land masses as well as sea level has changed profoundly over the last 514 million years (Figures 1  and 2 ). The mean latitude of the continental land masses (Figure 1a) 514, prescribed 458, 433, 425, 390, 342, 306, 255, 237, 195, 130, 69, 50 and at present (0 Ma). During the early Phanerozoic (514-342 Ma), paleogeographers suggest that the continental blocks were located primarily in the southern hemisphere and widely distributed ( Figure 2 ). As time progressed toward the late Carboniferous (306 Ma), the continents shifted north and collided, and sea level dropped, resulting in the supercontinent of Pangea dominating from north pole to south pole. Pangea persisted in some form for over 100 million years. The initial breakup of Pangea commenced during the Jurassic and continues today. During the Late Cretaceous (69 Ma) and early Cenozoic (50 Ma), high sea level flooded the continent with inland seaways.
The changing paleogeography of the last 514 million years has a substantial influence on the mean climate simulated by the model (Table 1) Figure 3 ) is high during the early Phanerozoic, peaking at 750 mm yr -1 during the Early Devonian (390 Ma), when the continental land masses were still distributed and continental flooding widespread. Interannual variability of model precipitation is also high during this period, approximately 8% of the total at 425 Ma. As the continents collided to form the supercontinent of Pangea, continental precipitation decreases about 20% to a minimum of 623 mm yr -1 during the Triassic (237 Ma). Pangea subsequently broke up and the continents flooded (Figure 1b) increasing continental precipitation.
Model-predicted continental evaporation is most variable during the early Phanerozoic when ample precipitation replenishes the soil moisture, but the continent of Gondwana shifts between subtropical and polar latitudes. Maximum evaporation of 535 mm yr -1 occurs at 458 Ma when the mean latitude of the continents is found at subtropical latitudes. A minimum evaporation rate of 407 mm yr -1 occurs just 33 m.y. later at 425 Ma when Gondwana is located at its most polar position. A less prominent but important increase in continental evaporation occurs in the Triassic. Triassic evaporation rates are limited by the decreased precipitation, and thus soil moisture, that prevail as a result of Pangea spanning the globe and minimal continental flooding.
Runoff in the model is due to a net imbalance of precipitation and evaporation over land areas and storage of water in the soil. Model-predicted runoff is generally high from the Silurian through the Carboniferous (425-306 Ma) and again in the Cretaceous (130-69 Ma). The model predicts low runoff in the mid-Ordovician (458 Ma), for the Permian-Triassic (255-237 Ma), and at present. The buffering effect of the retention of moisture in the soil reduces the year-to-year variability of runoff compared to continental precipitation.
There is reasonably good agreement between the model-predicted runoff and estimates of global aridity [Gordon, 1975] as indicated by evaporite deposits (Figure 3b) for the Phanerozoic. It is not clear whether discrepancies prior to 400 m.y. are due to model deficiencies or an underestimation of aridity in the observed record as a result of erosion and burial.
Although runoff depends on a number of factors, including topography, soil type, and vegetation, a first approximation to spatial patterns of runoff can be made from model maps of year-round wet and dry climates (Figure 2 ) based on the Köppen climate classification scheme [Köppen, 1936] . At 458 Ma, year-round wet climates (Köppen climate types Af, Cf, and Df), accounting for 53% of the total land area, are located at middle latitudes in the southern hemisphere and over the small tropical land masses. Dry climates (Köppen climate types B and E) cover 37% of the land areas and occur primarily at subtropical latitudes. The proportion of wet climates increases through 390 Ma to 63% and dry climates decrease to 22%. Three hundred-ninety Ma is a time of substantial continental flooding, relatively little land at subtropical latitudes, and high rates of runoff. Minimal runoff during the PermianTriassic (255-237 Ma) corresponds to dry climates extending from 40 o N to 40 o S on Pangea and covering 43% of the total land area at 237 Ma. Year-round wetness is found only in a small equatorial region on the east coast of Pangea, equatorial regions on the island located in the Tethys Ocean, and at high latitudes. As Pangea breaks up and the continents flood, runoff increases as wet climates increase, covering 67% of the continental area at 130 Ma, and dry areas shrink. For present, the model simulates 54% (51% for 0 Ma simulation with topography and ice sheets) of the land areas experiencing year-round wet climates and 32% (38%) dry climates.
Correlations
When the continents are widely distributed, as they are in the early Phanerozoic (514-342 Ma), global average runoff is land areas experiencing year-round wet climates (heavy shading), seasonally wet-dry climates (light shading), and dry climates (no shading). Definition of climate types is based on Köppen scheme (Köppen [1936] ; see Guetter and Kutzbach [1990] for discussion of Köppen climate classification scheme). Data have been interpolated to a 5.8° by 5.6° latitude-longitude grid.
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OTTO-BLIESNER: CONTINENTAL DRIFT AND CLIMATE more highly correlated to continental evaporation than continental precipitation (r 2 =0.78 versus 0.01) (Figure 4 ). With several, only small continents precipitation can penetrate inland. The negative correlation implies that runoff is low when evaporation rates are high and runoff is high when evaporation rates are low. Evaporation rates over land areas are positively correlated with the temperature of these land areas. This gives a negative correlation (r 2 =0.90) between continental runoff and land surface temperature (Figure 5a) . Because of the strong dependence of land surface temperatures on latitude (r 2 =0.96), runoff is also positively correlated (r 2 =0.78) with mean latitude (Figure 5b ). That is, in the past, when the continents were primarily located at subtropical latitudes, higher surface temperatures should have meant greater evaporation and less runoff. As the continents migrated poleward, their surface temperatures would have decreased, resulting in less continental evaporation and more water available for runoff. For the early Phanerozoic, a 1.5 o decrease in mean latitude is equivalent to a 1 o C increase in continental temperature, a 16 mm yr -1 (3%) increase in evaporation, and a 11 mm yr -1 (5%) decrease in runoff. The scatter in these diagrams can be partly explained by size and number of continents and seasonal variations in the ability of the soil to store moisture.
During the middle to late Phanerozoic (306 Ma-present), runoff becomes more highly correlated with continental precipitation than evaporation (r 2 =0.69 versus 0.24) (Figure 4 ). This is tied to the large continental land masses that predominate during much of this time period. By 306 Ma the southern continent of Gondwana had collided with the northern continent of Laurussia providing for the beginning of Pangea. The continents remained more or less together until the breakup of Pangea during the Jurassic (195 Ma), although large continental blocks have remained until present. Large continental masses deplete oceanic moisture as the air masses move inland, restricting the moist areas to near the continental margins and leaving the continental interiors dry. The negative correlation between runoff and continental temperature is a result of the negative correlation between continental precipitation and continental temperature (r 2 =0.87). Note that this is a global average effect and is not necessarily true for a specific region. During the late Phanerozoic, these results suggest that for the globe as a whole, a 1 o C increase in continental temperature leads to a 21 mm yr -1 (3%) decrease in continental precipitation and a 15 mm yr -1 (7%) decrease in runoff.
There is no clear correlation between continental runoff and global surface temperature (Figure 6 ). This is in spite of a predicted 6% increase in global precipitation for a 1% increase in global surface temperature. Global surface temperature in the model is a function of total land area and atmospheric composition.
Sensitivity of the Hydrologic Cycle to Increased Atmospheric CO 2
Two sensitivity simulations are run to examine the interplay of paleogeography and globally warmer surface temperatures on the hydrologic cycle. In these experiments, the globally warmer temperatures are a result of increased atmospheric CO 2 . The paleogeographies are taken from the early Phanerozoic when land-sea distributions were much different than the present world and when geochemical model estimates of atmospheric CO 2 have been highly debated. The time periods chosen are the middle Ordovician (458 Ma), when the paleocontinent of Gondwana was centered at subtropical latitudes, and the early Silurian (425 Ma), when Gondwana had shifted to middle and high latitudes (Figure 1 ). These time periods represent the extremes in terms of the mean latitudinal location of the continental land masses and provide insight into the uncertainty in the removal of CO 2 by weathering in geochemical models. Note that both time periods have similar small continental masses at equatorial latitudes.
Atmospheric CO 2 is increased to 4 times its present level in these sensitivity simulations. Because the model does not explicitly include a parameter for atmospheric CO 2 , the fourfold increase in CO 2 is approximated by increasing the solar radiation at the top of the atmosphere in a manner similar to Kutzbach and Gallimore [1989] . This procedure adopts the latitudinal distribution of net radiative flux anomaly at the top of the atmosphere for a fourfold increase in CO 2 from the results of Manabe and Wetherald [1980] . A fourfold increase in atmospheric CO 2 leads to a 2.5 o C increase in global surface temperature independent of paleogeography ( Figure 6 ). These estimates compare to global and annual average warming of 1.7 o C to 5.2 o C for GCM experiments with doubled CO 2 and present geography [Mitchell, 1989; Hoffert and Covey, 1992] . Estimates of temperature sensitivity to doubled CO 2 derived from the geological record for the last glacial maximum (~21,500 years before present) and the mid-Cretaceous (~100 Ma) suggest warming of 1.4-3.2 o C [Lorius et al., 1985; Hoffert and Covey, 1992] . The probable causes of the reduced sensitivity of the model simulations are the increased ocean coverage for paleogeographies reconstructed for the early Phanerozoic compared to present and simplifications in the model employed.
The response of runoff to a fourfold increase in atmospheric CO 2 is more complex. For both time periods, global mean precipitation increases by approximately 7.5%, but continental areas at 425 Ma experience a 14% increase in runoff, while . Although continental evaporation increases by 10%, induced by the CO 2 warming, a net increase in the excess of precipitation over evaporation occurs in the tropics and at middle to high latitudes. Some of this excess is used for moistening the soil, but most flows off as runoff. For 458 Ma, continental areas experience only a 5% increase in precipitation, primarily in the tropics, and most of this increase is balanced by increases in evaporation, leaving no net change in continental precipitation-minus-evaporation and runoff (Figure 7 ).
Conclusions
In agreement with studies of past climates as well as predictions of future climates, this study indicates that even with dramatically different land-ocean distributions than present, a globally warmer world will have globally increased precipitation. A 1% increase in global surface temperature results in a 6% increase in global precipitation in the model. But a globally warmer world does not inherently give increased global runoff. On the timescales of continental drift, runoff depends on the interplay of continental precipitation and continental evaporation. During the middle and late Phanerozoic (306 Ma-present), when large continental blocks dominate, runoff is highly dependent on the continental precipitation. During the early Phanerozoic (514-342 Ma), when the continental land masses are smaller and more widely dispersed, moist air masses are able to penetrate into the interior of the continents, and continental precipitation is plentiful. In this case, runoff depends on the latitudinal locations of the land masses. In other words, runoff depends on the climate zone in which the continents are located. This is tied to dependence of runoff on continental evaporation. These results highlight problems with using global warming temperature-hydrologic cycle relationships in geochemical models of the Phanerozoic. The response of runoff to temperature may be affected by paleogeography. Presentday sensitivity may poorly constrain past sensitivity. In addition, the geologic analog method for global warming needs to be used with great care for warm periods during the Phanerozoic when the paleogeography was substantially different than present. In particular, these model results suggest that the hydrologic cycle response to global warming during the early Phanerozoic is dependent on the continental locations. Because of the effect of temperature on evaporation, the assumption that when global temperature increases, runoff increases a proportional amount may not always be valid.
There are important limitations to these results. The lack of an explicit treatment of atmospheric composition limits the ability of the model to fully explore the interplay of atmospheric CO 2 and geography on the hydrologic cycle. Preliminary experiments with a higher-resolution and more sophisticated climate model, the NCAR GENESIS model, confirm, qualitatively but not quantitatively, the results of the low-resolution model. GENESIS results suggest that the landocean configuration at 425 Ma results in increased sensitivity of global runoff to enhanced atmospheric CO 2 , with runoff increasing 26% for a fivefold increase in CO 2 compared to an increase of only 16% for 458 Ma.
In addition, results in this study are based on only 3-year averages, limiting the ability to estimate the interannual variability of the model surface climate and thus to assess the significance of differences between the time periods. Important feedbacks between the atmosphere, ocean, and landsurface have also been ignored in these experiments, and the low resolution of the model precludes simulation of detailed features of the climate. Mountains and plants, which have not been included in these first sensitivity simulations, are known to have a significant effect on the Earth's hydrologic cycle. Solar luminosity and atmospheric CO 2 have also varied substantially during the Phanerozoic. Including these factors in more complex global climate models and repeating these experiments remain tasks for the future.
